Head and neck irradiation (IR) during cancer treatment causes by-stander effects on the salivary glands leading to irreversible loss of saliva secretion. The mechanism underlying loss of fluid secretion is not understood and no adequate therapy is currently available. Delivery of an adenoviral vector encoding human aquaporin-1 (hAQP1) into the salivary glands of human subjects and animal models with radiation-induced salivary hypofunction leads to significant recovery of saliva secretion and symptomatic relief in subjects. To elucidate the mechanism underlying loss of salivary secretion and the basis for AdhAQP1-dependent recovery of salivary gland function we assessed submandibular gland function in control mice and mice 2 and 8 months after treatment with a single 15-Gy dose of IR (delivered to the salivary gland region). Salivary secretion and neurotransmitter-stimulated changes in acinar cell volume, an in vitro read-out for fluid secretion, were monitored. Consistent with the sustained 60% loss of fluid secretion following IR, a carbachol (CCh)-induced decrease in acinar cell volume from the glands of mice post IR was transient and attenuated as compared with that in cells from non-IR age-matched mice. The hAQP1 expression in non-IR mice induced no significant effect on salivary fluid secretion or CCh-stimulated cell volume changes, except in acinar cells from 8-month group where the initial rate of cell shrinkage was increased. Importantly, the expression of hAQP1 in the glands of mice post IR induced recovery of salivary fluid secretion and a volume decrease in acinar cells to levels similar to those in cells from non-IR mice. The initial rates of CCh-stimulated cell volume reduction in acinar cells from hAQP1-expressing glands post IR were similar to those from control cells. Altogether, the data suggest that expression of hAQP1 increases the water permeability of acinar cells, which underlies the recovery of fluid secretion in the salivary glands functionally compromised post IR.
INTRODUCTION
More than half a million patients worldwide, and about 50 000 in the USA, undergo radiation treatment for head and neck cancers each year. 1 A debilitating consequence of this treatment is an irreversible loss of salivary flow due to diminished function of the salivary glands, leading to xerostomia, a dry mouth in patients. 2, 3 Saliva is critical for the protection and maintenance of oral health with lubricatory, antimicrobial, reparative and remineralizing properties. 4 A reduction in salivary secretion leads to dysphagia, mucositis, as well as an increase in oral infections, including rampant dental caries. 3, 5 The available treatments are primarily palliative in nature. A major drawback in developing a successful treatment strategy for this condition has been the lack of clear understanding of the mechanism by which irradiation (IR) induces a decrease in salivary gland function. The studies in several animal models, including mini-pig, rats and mice, [6] [7] [8] [9] [10] [11] have reported that following a single dose of IR there is a slow loss of salivary gland tissue 3 due to likely damage of progenitor cell population within the gland. 12 In addition, the effects of IR on neuronal cells as well as vasculature have also been suggested to contribute to the loss of salivary gland function and regenerative capacity. 13, 14 Irrespective of the animal model used, it appears that at earlier time points after IR despite lack of overt loss or disruption of salivary gland tissue, stimulated salivary gland fluid secretion is severely depressed. The mouse model is very useful for studying the early effects of IR since the onset of fibrosis is relatively slow and thus the salivary gland is relatively intact up to 6 months after IR. 3, 6 Both single-dose and fractionated IR procedures for salivary glands have been well established in the mouse. 10, 15 Recent studies have assessed treatments that prevent loss of function due to IR in mice. For example, the protection of salivary gland function was seen by MnSOD-plasmid liposome gene therapy 16, 17 or pretreatment with nitric oxide synthase inhibitors; reactive oxygen species scavengers, like resveratrol; hyperbaric oxygen therapy; anti-oxidants like, quercetin; and use of IR technologies that allow parts of the salivary glands that contain critical cell populations to be spared. [7] [8] [9] 11, 18 As well as protection afforded by TK1B (Tousled-like kinase 1B) gene therapy. 19 Alternatively, other strategies aim towards recovery of function or regeneration of tissue after IR, including stem cell transplantation methods. 20, 21 We have developed a gene therapy strategy in which adenoviral vector-encoding human aquaporin-1 (hAQP1) cDNA (AdhAQP1) was delivered, by retrograde instillation via the main excretory duct, to salivary glands of animals displaying persistent loss of salivary gland function due to IR. 22 Expression of 1 Secretory and Physiology Section, Molecular Physiology and Therapeutics Branch, NIDCR, NIH, Bethesda, MD, USA; hAQP1 in salivary glands at 2 months post IR was effective in increasing salivary fluid secretion of small and large animal models, including rats 23 and miniature pigs. 24 Further, a phase I clinical trial recently was conducted in subjects who had undergone IR and exhibited symptoms of dry mouth. 25 In that study, AdhAQP1 was infused into single parotid glands via the main excretory ducts. Five out of the eleven treated subjects displayed an improvement in salivary gland function as demonstrated by both subjective and objective criteria. 25 Thus, the hAQP1 gene therapy strategy appears to be promising for the recovery of salivary gland function post IR. However, a key question that remains to be addressed is how exogenous hAQP1 expression leads to an increase in fluid secretion from the salivary glands.
The primary site of fluid secretion in salivary glands is the acinar cell, which secretes water and electrolytes in response to neurotransmitter stimulation. 26 The process of secretion involves a cascade of events, which trigger an increase in cytosolic [Ca 2+ ] and activation of ion fluxes that generate the required osmotic gradient to drive water movement. Fluid secretion from acinar cells is accompanied by a decrease in cell volume, 26, 27 the extent of which correlates well with salivary gland secretion in the mouse. 6 In the present study, we have assessed agoniststimulated acinar cell volume changes in mice 2 and 8 months post IR to determine the effects of IR on acinar cell physiology that can account for IR-induced loss of fluid secretion. Further, we have examined AdhAQP1-induced modification of cellular function that underlies the recovery of fluid secretion from irradiated murine salivary glands. We used a single radiation dose of 15 Gy, which has been shown to reproducibly induce persistent decrease (about 60%) in salivary fluid secretion without any distress or deleterious effects to the health of the animal; that is, mucositis or weight loss. 10 Herein, AdhAQP1 was delivered to the submandibular glands of mice, 2-and 8-month-old post -IR as well as aged-matched non-IR controls, which resulted in the exogenous expression of hAQP1 locally within the gland. In addition to salivary flow measurements, cluster preparations of the salivary glands were used to measure agonist-stimulated acinar cell volume decreases. Our results reveal that acinar cells from IR mice display a significant attenuation of the cell volume change following agonist stimulation, which can account for the decrease in the amount of fluid secreted from the salivary glands of irradiated mice. Importantly, the cells from glands receiving AdhAQP1 display expression of the hAQP1 water channel in acinar cell plasma membranes together with an increase in the rate and extent of cell shrinkage in response to cholinergic stimulation. These findings demonstrate an increased water permeability in transduced acinar cells, which enhances agonist-stimulated cell shrinkage. Altogether, these data provide a mechanism to account for the recovery of salivary flow following the delivery of AdhAQP1 to the salivary glands post IR treatment.
RESULTS AND DISCUSSION
Effect of IR on fluid secretion and morphology of mouse submandibular glands The mice were irradiated using previously described and well-characterized protocols 6 (details are in the 'Materials and methods' section). The mice were irradiated when they were 8 weeks old and functional assessments were made at 2 months and 8 months post IR. Age-matched mice (4 and 10 months old, respectively) that did not receive IR were used as controls. There was a 460% decrease in salivary flow from mice at both 2 and 8 months post IR compared with their age-matched non-irradiated mice ( Figure 1a) . Importantly, despite the loss of salivary gland function, hematoxylin and eosin staining demonstrated that the salivary glands obtained from the mice 2 and 8 months post IR had, in general, a normal histologic appearance (Figures 1b-d) .
Further, examination of NKCC1, an ion transporter localized in the basolateral membrane of acinar cells that is critical for fluid secretion from salivary acinar cells, exhibited a similar pattern and level of immunofluorescence signal in the control and irradiated glands (Figures 1f-h ). Altogether, these data suggest that loss of saliva flow following IR is not due to overt tissue damage, a finding similar to that previously reported. 6, 28 IR treatment attenuated agonist-stimulated decrease in the volume of salivary gland acinar cells Agonist-stimulated fluid secretion from salivary gland acinar cells is accompanied by a reduction in cell volume which is followed by a recovery in cell volume by a process termed regulatory volume increase. The initial loss of cell volume is due to loss of water from the cells. 6, 26, 29 We examined cell volume changes caused by the muscarinic agonist, CCh These results demonstrate that the process of agonist-stimulated cell volume decrease is disrupted in acinar cells of salivary glands as a consequence of IR, consistent with our previous findings. 6 Further studies are required to understand the specific cellular mechanisms that are altered by IR to induce these changes in acinar cells.
Delivery of AdhAQP1 to salivary glands increases salivary flow in IR-mice The functional consequence of AQP1 expression on water permeability was first assessed by transducing the rat submandibular ductal cell line, A5, with AdhAQP1. The cell volume response to hypotonic stress, which includes passive swelling followed by regulated volume decrease, was used as a read-out of plasma membrane water permeability. Figure 3a shows changes in calcein fluorescence in control and AdhAQP1 transduced cells. The swelling as well as shrinkage phases of the response were accelerated in the latter set of cells, demonstrating an increase in the water permeability due to AQP1 expression (Figures 3a and b) . This finding agrees with previously reported data showing that the rate of water movement across an epithelial monolayer is increased following adenoviral-mediated AQP1 expression.
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AdhAQP1 delivery into the submandibular glands of IR mice induced about a threefold increase in saliva flow rate, both at 2 and 8 months after IR (Figure 3c ). AQP1, which is not endogenously expressed in the salivary gland epithelial cells, was detected in the acinar cells of glands that received AdhAQP1 (Figures 3e-g ), but not in glands that received the AdControl vector. (Figure 3d ). The transgenic hAQP1 was detected in the plasma membrane of acinar cells (in basolateral and apical regions) in glands from 2 month and 8 month post-IR mice, Figures 3e and f, respectively. In control mice (Figure 3d ), hAQP1 is localized strictly in endothelial cells, as previously described 31 (see representative red arrows in Figures 3d-f ). An enlarged image shows AQP1 expression in an AdhAQP1-treated submandibular gland 2 months post IR (Figure 3g ). Herein, we have not studied or discussed the expression of hAQP1 in duct cells, as the focus of this study was, and the functional assays were performed, only with acinar cells.
Exogenous expression of hAQP1 in salivary glands induced recovery of cell volume responses in acinar cells of IR-mice The salivary glands were removed from mice that received AdhAQP1 (age-matched control non-IR and 2 months post-IR mice) and used for acinar lobule preparation. CCh stimulation induced a 17% volume decrease in the acinar cells from control No-IR mice that received AdhAQP1. The volume change was not significantly different from the volume change (18%) observed in cells from No-IR mice that did not receive the vector (Figure 4a ). The initial rates of this volume decrease in the two cell sets were also not different from each other (0.18 ± 0.03 F/F 0 per second in mice with AdhAQP1 vs 0.18 ± 0.02 F/F 0 per second in cells from mice without AdhAQP1; Figure 4d ).
In contrast, AdhAQP1 expression in the glands of mice 2 months post IR increased both the steady-state amplitude and the rate of the acinar cell volume decrease, as compared with that found in cells from IR mice that did not receive AdhAQP1 (Figures 4b-d) . Steady-state volume after CCh stimulation was 88.06 ± 0.97% and 91.74 ± 0.99% of the initial volume in cells from IR mice with and without AdhAQP1, respectively. This represents a cell volume decrease of 12 vs 9% (P o 0.05; Figure 4c ). In addition, initial rates of the cell volume decrease increased significantly from 0.09 ± 0.01 F/F 0 per second no-vector IR cells to 0.17 ± 0.01 F/F 0 per second in cells treated with AdhAQP1 (P o 0.05, Figure 4d ).
Together, these data demonstrate that exogenous expression of transgenic hAQP1 in acinar cells from IR mice induces an increase in water movement from acinar cells. This is most likely a result of an increase in the water permeability of the cells and can account for the increase in pilocarpine-stimulated saliva secretion measured in these mice. As (i) saliva secretion was measured over a 15-min time frame and (ii) the rate of secretion was highest soon after stimulation and declines with time over the 15-min period, the increase in initial rate of acinar cell volume reduction is highly likely to have a significant impact on the measured saliva volume in the animal.
In addition, as salivary dysfunction persists and is irreversible, we also examined the effect of AdhAQP1 treatment in acinar cells from glands at 8 months post IR. Similar effects of the AdhAQP1 were detected in these mice. Average traces (Figures 5a and b) show CCh-stimulated volume changes in cells from the control No-IR group with and without AdhAQP1 treatment, as well as with cells from the IR groups. CCh stimulation decreased cell volume to a steady-state level of 87.35 ± 1.6% of the resting volume (that is, 12% decrease) in cells from No-IR mice without AdhAQP1 treatment. This was similar to steady-state volume 85.57 ± 2.0% of initial volume (that is, 14% decrease) seen following CCh stimulation of cells from AdhAQP1-treated No-IR mice (Figure 5c ). In the case of IR mice, the cells from mice that received AdhAQP1 displayed a steady-state volume of 88.72 ± 1.57% of resting volume (11% decrease) compared with cells from IR mice that did not receive AdhAQP1; 93.52 ± 1.2% (that is, 6% volume decrease). Thus, the extent of cell volume decrease was enhanced, by AdhAQP1 delivery in mice 8 months post IR, by 1.8-fold (a significant change) as compared with mice not receiving AdhAQP1, (P o0.05).
The initial rates of cell volume decrease were significantly increased in cells from IR mice receiving AdhAQP1, as well as cells from No-IR mice that received the AdhAQP1. In the No-IR group, the rate of cell volume decrease was 0.18 ± 1.2 F/F 0 per second, while in No-IR mice treated with AdhAQP1 it was 0.29 ± 0.04 F/F 0 per second. In cells from IR mice, the rate of volume change was 0.12 ± 0.012 F/F 0 per second compared with cells from IR mice that received AdhAQP1, 0.18 F/F 0 per second ± 0.02 (both cells sets showed significant change with the AdhAQP1 treatment, (P o0.05, Figure 5d) ). Further studies, however, are required to clarify why AdhAQP1 appears to increase function in cells from the older non-irradiated mice, compared with that in the age-matched younger mice. Most importantly, we show that acinar cells from irradiated mice display a significant recovery in CCh-stimulated cell volume reduction that can explain the recovery of salivary secretion in 10-month-old mice, that is, 8 months post IR.
Together, the results presented herein reveal that exogenous hAQP1 expression in murine acinar cells after gene transfer increases the water permeability of these cells, which then serves to enhance the rate and extent of cell volume reduction induced by the secretagogue CCh. The reduction in cell volume is tightly coupled to, and thus denotes, the secretion of water from acinar cells. 29 Our findings demonstrate that the enhancement of agonist-stimulated reduction in acinar cell volume underlies the recovery of fluid secretion measured in IR mice after AdhAQP1 delivery into the gland. We show that IR glands display normal morphology despite loss of function at the ages studied. It is well established that agonist stimulation of acinar cells leads to generation of an osmotic gradient that drives water from the cell. Previous studies reported by Delporte et al. 30 demonstrate that hAQP1 expression in polarized epithelial cells increased the initial rate of water secretion depending on the osmotic gradient exerted on the cell. The hAQP1-induced changes in acinar cell volume that we have described above are in complete agreement with this previous finding. Although we do not have a detailed understanding as to why fluid secretion is decreased in acinar cells post IR, our data indicate that attenuation of cell volume reduction in response to agonist stimulation is a key underlying factor in this salivary gland dysfunction. Further studies, however, are required to determine the exact mechanism that accounts for IR-induced persistent attenuation of agonist-stimulated acinar cell volume reduction. Irrespective of the mechanism, our data demonstrate that AdhAQP1-mediated expression of hAQP1 in salivary gland acinar cells of IR mice leads to the recovery of fluid secretory function at the cellular level, which then leads to enhanced salivary secretion in vivo. These findings indicate that agonist stimulation of cells from IR-mice causes generation of a sufficient osmotic gradient to support salivary secretion, as AdhAQP1-transduced salivary glands in the IR mice regain normal levels of salivary secretion. At a cellular level, this is reflected in the recovery of the initial rate of cell volume reduction.
In summary, based on the present findings, we propose that vector-mediated hAQP1 expression in acinar cells of IR mice enhances the water permeability of the cells, thus leading to the recovery of salivary gland fluid secretion. Interestingly, we have recently reported that the cytomegalovirus promoter in the AdhAQP1 vector used in the clinical trial and herein was likely not methylated 32 in human salivary gland cells and thus can be functional for prolonged time periods versus when expressed in mouse cells. Our findings help to understand the beneficial observations made in that recent clinical trial conducted in which AdhAQP1 was delivered to salivary glands of individuals who had IR-induced salivary hypofunction after head-and-neck IR treatment. 25 
MATERIALS AND METHODS

Construction of recombinant vectors
The vectors, AdhAQP1 and Ad Control, used in this study were prepared exactly as described previously. 23, 33 Experimental animals and irradiation C3HHENMTU (C3H) mice at the required age were purchased from the National Cancer Institute Animal Production Facility. The mice were 8 weeks of age at the time of experimentation and weighed between 20-25 g. All the experiments were carried out under the aegis of a protocol approved by the NIDCR and NCI Animal Care Committees and were in compliance with the Guide for the Care and Use of Laboratory Animal Resource (1996), National Research Council. Salivary gland IR was accomplished by placing each animal into a specially built Lucite jig such that the animal could be immobilized without the use of anesthetics. 10, 13 In addition, the jig was fitted with a Lucite cone that surrounded the head and prevented head movement during the radiation exposure. 10, 13 Lead shields were designed to cover the jigs with the mice with a small aperture in the lead shield that allowed radiation to the salivary gland area of the immobilized animal. A single radiation dose of 15 Gy was delivered to the animal by a Therapax DXT300 X-ray irradiator (Pantak, Inc., East Haven, CT, USA) using 2.0 mm Al filtration (300-kilovoltage peak) at a dose rate of 1.9 Gy min − 1 . Immediately after irradiation, the animals were removed from the Lucite jig and housed (five animals per cage) in a climate and a light/dark-controlled environment and allowed free access to dough diet (soft food). The protocol we have used here to assess IR effects on salivary gland function was previously developed in collaboration with Dr James Mitchell of the Radiation Biology Branch in NCI. 10 The effects of radiation on saliva secretion in mouse models have already been well described. [6] [7] [8] [9] [10] The 15-Gy single dose was established by earlier work from our laboratory, including a radiation dose response curve (from 0, 5, 12.5, 15, 17.5 and 20 Gy) that was performed. We found a significant reproducible reduction in saliva output from 12.5 through 20 Gy. 10 At this dose, saliva secretion was fully protected by treating the animal with reactive oxygen species scavengers, like Tempol, whereas at higher doses, Tempol was not as effective. 34 Importantly, under these conditions there were no other oral complications, such as mucositis, that were seen at doses ⩽ 15 Gy. Furthermore, the irradiated animals did not undergo weight loss or display any neurological or other untoward consequences up to 8 months after IR. In addition, this same single dose of 15 Gy was used in mice to test successful gene therapy-based, and other, interventions. 13, 35 In vivo viral vector delivery and saliva collection Two months or 8 months post IR, No-IR control or irradiated C3H mice were anesthetized with ketamine (60 mg kg − 1 ) and xylazine (8 mg kg − 1 ) intramuscularly. Vectors were delivered to both submandibular glands by intraoral cannulation. 33 Complexes first were formed using 1 × 10 12 molecules of pDsRed2-N1 plasmid DNA (as a positive transduction indicator, Clontech Laboratories, Inc., Mountain View, CA, USA) per gland, 0.5 mM polyethyleneimine, and 5 × 10 10 particles of Ad-control (as control vector) or AdhAQP1 in a volume of 50 μl. This complex was administered by retrograde ductal instillation. The salivary secretion was measured 7 days post transduction. For whole saliva collection, anesthetized mice were treated with 0.5 mg kg − 1 of pilocarpine solution subcutaneously following which the saliva was collected as described 10, 13 The submandibular glands were removed, fixed and used for hematoxylin and eosin, or immunofluorescence, staining. For cell volume measurements, C3H mice were killed in a carbon monoxide chamber and the submandibular glands were removed and placed in cold Tyrode's solution (in mM):130 NaCl, 5.4 KCl, 1 CaCl 2, 10 HEPES, 1 MgCl 2 , 10 glucose, 1% bovine serum albumin: pH 7.4.
Preparation of mouse cell lobules
The submandibular gland in cold Tyrode's solution were thoroughly gassed with 95% O 2 and 5% CO 2 . The glands were finely minced (approximately 100 μm in size) and loaded with 1 μM calcein (Molecular Probes, Invitrogen, Eugene, OR, USA) for 30 min and then washed in dye-free Tyrode's solution for an additional 30 min. 6 The loading and washing were done in the dark at room temperature on a rocker.
Cell volume measurements
The calcein-loaded lobules were placed in a perfusion chamber on cover slips that were coated with Cell Tak (from BD Bioscience, Bedford, MA, USA). The clusters were placed in an extracellular solution that included: 130 NaCl, 5.4 KCl, 1 CaCl 2, 10 HEPES, 1 MgCl 2 , 10 glucose, pH 7.4. The cover slip was then placed on a large rectangular open bath chamber. The clusters were imaged using a Leica SP2 confocal mounted on a DM IRE2 inverted microscope. The regions of interest were chosen to measure the fluorescence intensity, a × 20 (0.4 NA) dry objective was used and the images were taken every 2 s. The fluorescence intensity was determined as a function of time and expressed relative to the initial fluorescence. Calcein was excited with the 488-nm line of an argon ion laser. The emitted fluorescence was measured at a wavelength of 510 nm. The clusters were stimulated with 1 μM Cch, an acetylcholine analog (Sigma, St. Louis, MO, USA). All the experiments were performed at 37°C.
Immunofluorescence
The submandibular glands were fixed in 10% formalin and embedded in paraffin and sectioned (5 μm). After de-paraffinization and rehydration, antigen retrieval was carried out with 1 mM ethylenediaminetetraacetic acid (pH 8) and 0.05% Tween 20 in a microwave oven for 10 min. The sections were blocked with 20% goat serum in 5% bovine serum albumin for 1 h and then incubated with required primary antibodies; monoclonal anti-aquaporin-1 antibody, rabbit IgG (Abcam Inc., Cambridge, MA, USA) or polyclonal anti-NKCC1 antibody in 5% bovine serum albumin in phosphate-buffered saline for 1 h at room temperature or overnight, and then washed with phosphate-buffered saline. The sections were incubated with secondary antibodies, Alexa Fluor488 donkey antigoat immunoglobulin (Ig) G (H+L) for 1 h, washed with phosphate-buffered saline, and mounted with Prolong Gold antifade reagent with DAPI (4′,6-diamidino-2-phenylindole; Invitrogen).
Cell culture and measurement of regulated volume decrease The A5 cell line was derived from rat submandibular gland 36 and grown in McCoy's 5A medium (Invitrogen) with 10% fetal bovine serum (Invitrogen,), 100 U ml − 1 penicillin G (Invitrogen), 100 μg ml − 1 streptomycin (Invitrogen). The cells were incubated at 37°C in a humidified 5% CO 2 atmosphere. The A5 cells were transduced using complex of 2 × 10 10 molecules of pDsRed2-N1 plasmid DNA/5 × 10 5 cells, 0.1 mM polyethyleneimine and 5 × 10 7 particles of Ad-control or Adh-AQP1in a volume of 20 μl. Seven days post transduction, these A5 cells were used for the measurements of volume changes. For this, the cells were loaded with the fluorescent probe calcein (1 μM with 10 min loading) and excited at 488 nm. The emitted fluorescence was measured at 510 nm. 37 The A5 cells were exposed to a hypotonic shock (HTS; from 300 to 150 mOsm by omitting NaCl from normal external solution). The changes in fluorescence intensity of calcein were calculated as percentage of regulated volume decrease and the peak time (300 s) was defined as the time to reach maximum cell volume decrease.
Statistical analysis
The data are presented as means ± s.e. Origin 9 (Origin Lab, Northampton, MA) was used for data analysis and display. The significant differences between individual groups were tested using an analysis of variance.
